SUMMARY The tonic vibration reflex (TVR) has been studied in the quadriceps and triceps surae muscles of 34 spastic, 15 Parkinsonism, and 10 normal subjects. The TVR of spasticity develops rapidly, reaching a plateau level within 2-4 sec of the onset of vibration. The tonic contraction was often preceded by a phasic spike which appeared to be a vibration-induced equivalent of the tendon jerk. The initial phasic spike was usually followed by a silent period, and induced clonus in some patients. No correlation was found between the shape of the TVR and the site of the lesion in the central nervous system. The TVR of normal subjects and patients with Parkinsonism developed slowly, starting some seconds after the onset of vibration, and reaching a plateau level in 20-60 sec. A phasic spike was recorded occasionally in these subjects, but the subsequent tonic contraction followed the usual time course. Muscle stretch increased the quadriceps TVR of all subjects, including those with spasticity in whom the quadriceps stretch reflex decreased with increasing stretch. It is suggested that this difference between the tonic vibration reflex and the tonic stretch reflex arises from the selective activation of spindle primary endings by vibration, while both the primary and the secondary endings are responsive to muscle stretch. The TVR could be potentiated by reinforcement in some subjects. Potentiation outlasted the reinforcing manoeuvre, and was most apparent at short muscle lengths. As muscle stretch increased, thus producing a larger TVR, the degree of potentiation decreased. It is therefore suggested that the effects of reinforcement result at least partially from the activation of the fusimotor system. Since reinforcement potentiated the TVR of patients with spinal spasticity in whom a prominent clasp-knife phenomenon could be demonstrated, it is suggested that the effects of reinforcement are mediated by a descending pathway that traverses the anterior quadrant of the spinal cord.
The tonic reflex evoked by muscle vibration has been studied extensively, both in normal man (Lance, 1965; Eklund and Hagbarth, 1965 , 1966 Hagbarth and Eklund, 1966a; Lance, De Gail, and Neilson, 1966; Rushworth and Young, 1966; Marsden, Meadows, and Hodgson, 1969) and in the cat (Matthews, 1966 (Matthews, , 1969 Lance, 1971a, 1971b) . Relatively little attention has been given to this 'tonic vibration reflex' (TVR) in spastic man. It has been reported that the TVR is usually diminished on the affected side of hemiparetic patients (Hagbarth and Eklund, 1966b; , and absent in patients with transection of the spinal cord .
From studies in the cat (Gillies et al., 1971a (Gillies et al., , 1971b , it appears that the abolition of the TVR by spinal transection is due to severance of the vestibulospinal and pontine reticulospinal pathways in the anterior columns of the spinal cord. Hagbarth and Eklund (1968) reported that muscle vibration often produces a rapidly developing tonic contraction in spastic limbs similar to that found in the experimental animal, rather than the slowly increasing tonic contraction of normal man. To date there have been no reports of systematic studies in man of the differences between the normal TVR and the spastic TVR, and there have been no attempts to correlate changes in the TVR with specific central nervous system lesions.
In the upper limbs of spastic patients, the TVR increases as the vibrated muscle is stretched (Hagbarth and Eklund, 1968) . The tonic stretch reflexes of the biceps and triceps brachii muscles of spastic man also increase with increasing muscle stretch , so that the behaviour of the TVR parallels that of the stretch reflex in the upper limb. However, vibration is a selective stimulus for the spindle primary ending, and has little effect on the firing frequency of spindle secondary endings (Brown, Engberg, and Matthews, 1967) . In the lower limb of spastic patients the stretch reflexes of extensor muscles are inhibited by increasing muscle length, while flexor stretch reflexes are facilitated, effects arising from spindle secondary endings Lance, 1970, 1971; . It has yet to be established whether the TVR resembles the stretch reflex in this respect.
This study was undertaken to analyse further the TVR of spastic man in an attempt to answer these questions, and to contrast the results with those obtained by vibrating muscles of normal subjects and patients with Parkinsonism.
METHODS
The TVR was studied in 34 spastic patients, 15 patients with Parkinson's disease, and 10 normal subjects. Rigidity and bradykinesia were the main manifestations of Parkinson's disease, the patients having been selected for treatment with L-dopa.
None of the patients with Parkinsonism had clinical evidence of an upper motor neurone lesion.
All of the 34 spastic patients had typical velocitydependent hypertonia, and the clasp-knife phenomenon was demonstrable in the quadriceps stretch reflex. Of the 34 patients, four were hemiplegic due to cortical or internal capsular lesions, and three had bilateral spasticity due to brain-stem disease. Eight patients suffered from multiple sclerosis and two from familial spastic paraplegia. Five patients were paraparetic: one each from transverse myelitis, spinal cord angioma, spinal metastases, spinal osteomyelitis, and from arterial insufficiency of the spinal cord. The patient with the angioma was examined on a number of occasions, before and after the development of a complete cord lesion which was confirmed at laminectomy. Twelve patients were quadriplegic after trauma to the cervical spinal cord, the lesion being clinically complete in five patients.
Usually the TVR of the quadriceps femoris muscle was studied, but in some patients the triceps surae muscle was also vibrated. Vibration was applied to the muscle belly or to the muscle tendon using either of two vibrators: an orbital physiotherapy vibrator (Kurt Stoll, Neidlingen: Tech., Germany) which was capable of 50 Hz, or a small cylindrical vibrator (TVR Vibrator V1A-F:A Keydon, Uppsala, Sweden) which was capable of frequencies up to 200 Hz. The baseplate of the physiotherapy vibrator was applied directly to the muscle belly, or the edge of the baseplate was applied to the muscle tendon. The cylindrical vibrator was fixed to the limb over the muscle belly or muscle tendon by a rubber strap.
When vibration was applied to the quadriceps muscle, the patient reclined in a semi-supine position with both legs hanging over the edge of the examination couch, flexed at the knee. The force exerted by the TVR of the quadriceps muscle was estimated by a force transducer strapped to the leg immediately above the ankle. The transducer consisted of a fourarm strain gauge bridge bonded to a rigid metal bar. The bridge was activated by the DC power supply of an Offner Dynograph. The TVR of patients with Parkinsonism did not differ significantly from that of normal subjects in whom a recordable tonic contraction started some seconds after the onset of vibration and then increased slowly over 20 to 60 sec (Fig. 2) . The rising phase usually became more rapid if the frequency of vibration was increased. FIG. 2. The TVR ofnormal man. The tonic contraction develops slowly, taking, in a, more than 60 sec to reach a plateau. In a, the onset of vibration evokes a phasic burst of EMG potentials and a phasic spike of tension. There is then a latent period of 10 sec before the tonic reflex response commences. The tonic contraction is potentiated by the simultaneous use of a second vibrator, and also by reinforcement. In b, reinforcement doubles the size ofthe tonic contraction. Calibrations: vertical-5 kg and I mV; horizontal-10 sec.
The tonic contraction was usually quite well maintained, as in spastic patients, and subsided fairly rapidly 0 5-2-0 sec after vibration ceased. In some tense normal subjects and some tense Parkinsonism patients the onset of vibration was accompanied by a phasic spike of both EMG and tension, similar to that seen in spastic patients. However, reflex tension then subsided almost completely, and the usual incremental tonic contraction started, often after a prolonged latent period (Fig. 2a) . As in spastic patients, the latency of the initial spike was 50 to 100 msec.
The TVR varied in amplitude from patient to patient in any one group. In two spastic, two normal, and three Parkinsonism patients a TVR could not be recorded unless a Jendrassik manoeuvre was performed and, in these instances, the TVR thus elicited often started with a phasic spike before assuming the pattern group.bmj.com on June 21, 2017 -Published by http://jnnp.bmj.com/ Downloaded from characteristic of its group. In general the unreinforced TVR was larger in normal subjects (O to 15 kg) than in spastic patients (O to 5 kg), but the overlap was considerable. The TVR of patients with Parkinsonism was of intermediate size.
Although it is possible to drive spindle primary endings maximally in the experimental animal (Brown, Engberg, and Matthews, 1967) , this does not appear to be possible in man, be he normal, spastic or with Parkinsonism. This was demonstrated by the use of both vibrators simultaneously. During vibration of the patellar tendon at 200 Hz, the resulting tonic contraction could be increased by simultaneous vibration of the muscle belly. Performance of a Jendrassik manoeuvre during such vibration often increased reflex tension even further (Fig. 2a) . It thus appears that these vibrators, either individually or in combination, are inadequate to produce a TVR in man which is independent of fusimotor drive.
It was not possible to demonstrate any relationship between variations in the TVR of spastic patients and the type of spasticity or the site of the causative lesion. The exceptions were patients with clinically complete spinal cord lesions, in whom no TVR could be elicited. In hemiplegic spasticity, the TVR was essentially similar to that recorded in patients with spinal lesions, but on the clinically normal side of such patients, the TVR appeared to be of normal configuration.
In five spastic patients clonus could be induced by muscle vibration, and in two normal subjects a phenomenon similar to clonus could be recorded. Clonus only appeared when a phasic spike followed the onset of vibration, and it could be avoided by changing the site or amplitude of vibration, or by increasing the frequency of vibration gradually, so that a phasic spike was not produced. Flexor spasms could be induced by vibration in patients with complete spinal lesions and in four patients with incomplete lesions if the knee were flexed. Anaesthetizing the skin underlying the vibrator with procaine hydrochloride 1% was sufficient to prevent such spasms in the one patient in whom this was done. In three spastic patients with predominantly extensor hypertonicity vibration provoked extensor spasms when the knee was extended to 30 45°. In two patients with spinal spasticity and grossly exaggerated flexor tone, vibration of the patellar tendon set up a small TVR in the quadriceps muscle at first, but this was interrupted after 2 to 5 sec by a powerful sustained tonic contraction of the hamstrings. This indirect TVR of the hamstrings presumably resulted from spread of vibration to excite the spindle receptors of the hamstrings muscles.
In normal subjects, and to a somewhat lesser extent in patients with Parkinsonism, the TVR could be abolished voluntarily. If vibration was continued and the subject's attention distracted, the TVR resumed its previous level of activity. The ability to suppress the TVR voluntarily appeared to be impaired in spastic patients, particularly those with spinal lesions. Vibration of a paretic muscle potentiated the force produced by voluntary contraction of that muscle, presumably due to a synergistic effect of reflex and voluntary activation of motor units. These results confirm those of Hagbarth and Eklund (1968) . This potentiation of voluntary power did not significantly outlast the duration of vibration, although some patients reported that their limbs felt more relaxed and free of spasms for one to two hours after the cessation of vibration, and they were therefore able to make better use of their paretic muscles. By contrast, vibration did not significantly alter the force of maximal voluntary contraction in normal subjects. The duration of vibration was limited in all subjects by the generation of heat.
EFFECT OF MUSCLE STRETCH ON TVR The effect of muscle stretch on the quadriceps stretch reflex of spastic patients is seen in Fig. 3 . The reflex consists of a dynamic response to the stretching movement, there being little or no response to maintained static stretch. If the amplitude of the stretching movement is divided into equal sequential steps performed at the same velocity of stretch, reflex EMG is maximal in the first step of the movement, but decreases in subsequent steps as muscle length increases. In contrast, the quadriceps TVR of spastic patients was found to increase as muscle stretch increases, using similar stepwise stretching movements (Fig. 4) . Again the dynamic response to the stretching movement was prominent.
The EMG and resistance produced by the TVR during slow stretching movements became maximal at the position of greatest stretch (Fig. 5a) . If the rate of stretching was increased, peak EMG and peak resistance sometimes led the position of greatest stretch (Fig. 5b) volitional or supraspinal origin. The effect of muscle stretch on the TVR of normal or Parkinsonism subjects was thus much the same as in spastic patients, except that a TVR could sometimes be obtained in normal subjects and those with Parkinsonism when the knee joint was flexed to less than 1°O (Fig. 7) .
EFFECT OF REINFORCEMENT ON TVR The effects of reinforcement varied from patient to patient. In some normal and some Parkinsonism patients the effect of a Jendrassik manoeuvre was small iLk and inconstant, but in others a reproducible facilitatory action could be demonstrated when reinforcement was performed before, during or throughout vibration (Fig. 2) . Similar results were obtained in spastic patients, reinforcement having no significant effect in some patients, but consistently increasing the force generated by the TVR in others (Fig. 9a) . In normal, Parkinsonism, and spastic patients the effects of the Jendrassik manoeuvre significantly outlasted the duration of the manoeuvre (Fig. 9a) . The duration of this facilitation was studied by performing the manoeuvre at variable intervals before the onset of vibration. The greatest facilitation occurred if vibration started within 0 5 sec of the cessation of the manoeuvre, but some potentiation persisted for as long as 10 sec (Fig. 9b) . The amount by which the TVR could be potentiated by a Jendrassik manoeuvre was greatest when muscle stretch was least, and was least when muscle stretch was greatest (Fig. 8) .
When evoked during reinforcement, increasing muscle stretch had less effect on the TVR, so that the TVR varied little from one joint position to the next (Fig. 8b) If the Jendrassik manoeuvre started before the onset of vibration a phasic contraction could be induced in some normal and some Parkinsonism subjects, and also in some spastic patients in whom a phasic spike had not previously been recorded. In normal and Parkinsonism subjects tension and EMG subsided after the phasic spike and the usual incremental TVR then ensued. In spastic patients tension and EMG decreased only slightly before rapidly climbing to the plateau level.
The degree of potentiation of the TVR produced by reinforcement at differentjoint positions was studied in order to determine the degree (Matthews, 1966; Gillies et al., 7--483 . group.bmj.com on June 21, 2017 -Published by http://jnnp.bmj.com/ Downloaded from 1971a, 1971b). When low frequency vibration was applied to the non-denervated limb of anaesthetized cats, Gillies et al. (1971a) were able to record the slowly progressive increase in EMG and reflex tension characteristic of the TVR of normal man. They concluded that the difference in time course of the TVR of the decerebrate animal and that of normal man was related to the innervation of the limb other than that of the muscle vibrated. However, this conclusion does not explain the differences in the TVR of normal and spastic man and it is probable that, given a comparable vibration stimulus, the spastic TVR differs significantly from the normal TVR.
At the outset of this study it was hoped that consistent differences in the TVR might be found in spasticity of different aetiologies, such that a gradation between the normal TVR and the spastic TVR could be demonstrated. No such difference could be found. The variation encountered in any one subject was so great that no single pattern could be regarded as specific for any particular form of spasticity. The similarity of the normal and Parkinsonism TVR and their identical response to muscle stretch suggest that spinal reflex mechanisms are normal in Parkinson's disease. This conclusion supports the postulate of Landau (1969) that rigidity of Parkinsonism arises from increased supraspinal drive of essentially normal segmental mechanisms.
An initial burst of EMG resulting in a phasic rise in tension followed the onset of vibration in many spastic patients, and in some normal or Parkinsonism subjects during reinforcement. The latency of this burst of EMG was such that it can be attributed only to a spinal reflex. The height of the resulting phasic spike of tension (cf Figs 1, 6 , 9a) suggest synchronous firing of motoneurones, and it is probable that this phasic response is a vibration-induced tendon jerk. That the latency of the response could be as long as 100 msec probably arises from the inertia of the vibrator when first applied to the limb, and temporal summation at motoneurone level of the afferent activity from the initial strokes of the vibrator.
The phasic spike was followed by a brief pause in EMG activity of 100 to 150 msec. This silent period may be accounted for by unloading of the muscle spindle by the initial phasic contraction and by autogenic inhibition from Golgi tendon organs activated by it. If most motoneurones were activated in the phasic contraction there would be a tendency for these motoneurones to fire synchronously when activity resumed after the silent period. It is thus not surprising that vibration may initiate clonus in spastic patients and in some normal subjects. Since the silent period is probably determined by the occurrence of a phasic response to the onset of vibration, it might be expected that the presence of clonus would be correlated with the presence of a phasic contraction, and that efforts to avoid this phasic contraction would also prevent clonus.
Muscle stretch enhanced the TVR in normal, Parkinsonism, and spastic man. Presumably this arises from the facilitatory effect of increasing muscle length on the response of the spindle primary ending to vibration (Brown et al., 1967) , since recordings of afferent fibre activity in man have shown that muscle stretch increases the group Ia response to vibration Vallbo, 1967, 1968) . In the cat a TVR cannot be elicited in a slack muscle, and does not become maximal until the vibrated muscle is stretched to its maximal physiological length, producing a passive tension of up to 200 g (Matthews, 1966; Gillies et al., 1971a) . A similar situation appears to exist in spastic man in whom the quadriceps TVR usually cannot be elicited until the knee joint is flexed to 30-45'. In normal man and patients with Parkinsonism the threshold length at which a TVR can be elicited appears to be less, but otherwise the response to increasing muscle length is qualitatively the same.
In spastic man the quadriceps stretch reflex decreases as muscle length increases, an effect probably due to autogenic inhibition from the spindle secondary ending (Burke et al., 1970) . However the secondary ending is insensitive to muscle vibration (Brown et a!., 1967) . It is probable then that in spasticity the quadriceps TVR increases as muscle length increases because stretch enhances the primary ending's response to vibration but does not alter the slight response of the secondary endings to vibration. The inhibitory effects of the secondary ending increase in proportion to increasing muscle length, but presumably this is masked by the greater response of the primary ending to vibration. It is apparent then that the TVR cannot be equated with the tonic stretch reflex, at least in spasticity.
Potentiation of the TVR by reinforcement was not found in all subjects, but when present it was usually reproducible. In all spastic patients, including those spinal patients in whom reinforcement potentiated the TVR, a prominent claspknife phenomenon could be elicited in the quadriceps stretch reflex. It has been suggested that the clasp-knife phenomenon in cases of spinal spasticity results from release of the group II afferent pathway due to a lesion of the posterolateral funiculus of the spinal cord (Burke, Knowles, Andrews, and Ashby, 1972) . In these circumstances it is therefore likely that the descending pathways mediating the facilitatory effects of reinforcement traverse the anterior quadrant of the spinal cord.
The duration of the potentiation induced by reinforcement outlasted the reinforcing manoeuvre by up to 10 sec. In contrast to the effects on alpha motoneurones, reflex or supraspinal activation of gamma motoneurones evokes high frequency repetitive firing, thus producing effects which may long outlast the stimulus (Hunt and Paintal, 1958) . The long duration of the potentiation induced by reinforcement in man is therefore consistent with activation ofthe fusimotor system, in addition to any direct action on the alpha motoneurone. The suggestion that reinforcement acts at least partially through the fusimotor system is supported by the finding of interaction between the effects of the Jendrassik manoeuvre and those of muscle stretch. Reinforcement was most conspicuous when the muscle was in the shortened position, and became proportionately less as stretch increased. This suggests that stretch and reinforcement use a common path to produce their effects on the TVR. Thus reinforcement probably acts at least in part through the fusimotor system, setting the contraction of intrafusal fibres at a level which compensates for the length of extrafusal fibres. The demonstration of an effect on the gamma efferent system does not exclude a parallel effect on the alpha motoneurone in addition. In man, Vallbo (1968, 1969) and Hagbarth, Hongell, and Wallin (1970) have demonstrated coactivation of alpha and gamma motoneurones during voluntary contraction of muscle, and it is therefore to be expected that reinforcement would also activate both types of motoneurone.
